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The ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

|δm2
atm| ∼ 2.5× 10−3 eV2 and δm2

solar ∼ 8.0× 10−5 eV2

• Only Active flavors (no steriles):
e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|να〉flavor = Uαi|νi〉mass.
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Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ ββ0ν decay

In oscillation phenomena,

the phases α2, α3 are unobservable (UαiU
∗
βi)

and also the value of mlite is irrelevant (δm2)
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Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +8.0 ± 0.8× 10−5 eV 2

0.25 < sin2 θ12 < 0.37

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

(23) Parameters: SK, K2K

|δm2
32| = 1.5− 3.4× 10−3 eV 2

0.36 < sin2 θ23 < 0.64
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 not

as well known!
Sign of δm2

32 Unknown !!!

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!
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Beyond the ν Standard Model

• Sterile Neutrinos, (LSND/miniBOONE) e.g. 3+n models

• Dirac Neutrinos

• CP and/or T violation requiring more than one phase

• CPT violation

• Exotic interactions:
magnetic moments, addition matter interactions, . . .

• · · ·

The UNEXPECTED is the REAL reason !!!

(remember "NKE)
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Within ν Standard Model
The Big Questions that can be Addressed in Oscillation Phenomena

• νe fraction of ν3: – size of sin2 θ13

•mass hierarchy: – sign of δm2
31

• CP violation: – sin δ != 0

Other Questions

• θ23 ↔ π
2 − θ23

• sign of cos δ = ±
√

1− sin2 δ
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νe fraction of ν3: – size of sin2 θ13

• Reactor ν̄e Disappearance at few kilometers (< 10%)
Chooz, Pale Verde, Double-Chooz, ....

• Long Baseline νµ→ νe Appearance
using conventional neutrino beams
K2K, MINOS, T2K, NOνA, ....

• (Very) Long Baseline νe→ νµ Appearance
using Neutrino Factory beams.
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Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

CP Violation in Neutrino Oscillations

is related to Leptogensis
and hence Baryogenesis.
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Mass Hierarchy: – sign of δm2
31

Matter Effects
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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T2K:

no info on sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√
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0.05
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allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
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√
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0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The
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Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)

5

The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)

5

5yr+5yr: 2 MW: 50kton hi-eff.
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NOvA:

sensitive to sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05
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Leptonic CP and T Violation 
in Neutrino Oscillations

Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

CP Violation in Neutrino Oscillations

is related to Leptogensis
and hence Baryogenesis.
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Leptogenesis



CP Violation and Leptogenesis

• For most Neutrino Mass Models there is a relationship between
the Dirac CP phase δ and Majorana CP phases α2, α3.

• At a minimum they are all zero or all non-zero.

• α2, α3 are responsible for Leptogenesis in the early universe by
allowing for different decay rates of Neutral Heavy Leptons:

N → l+φ− and N → l−φ+

• B = 1
2(B − L) + 1

2(B + L), however (B + L) violated.

• Hence the Dirac CP violating phase, δ, is a handle on
Leptogenesis and hence Baryogenesis.

Fukugita and Yanagida, Phys. Lett. B174, 45 (1986)
Frampton, Glashow and Yanagida – hep-ph/0208157
Endoh, Kaneko, Kang, Morozumi – hep-ph/0209098

.....
sparkE – 18 Nov 2003 6



CP violation: – sin δ != 0
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Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

sparkE – 17 Nov 2003 3

Minakata, Nunokawa + SP 
hep-ph/0204171



Gary Feldman               Fermilab Proton Driver Workshop               7 October 2004              12

3 ! Discovery Potential for "µ#"
e

January 19, 2005Steve Brice (FNAL), Debbie Harris (FNAL), Walter Winter (IAS) 20

Physics Reach with a Proton Driver

• For every scenario, the FNAL program can offer a unique
opportunity to measure mass hierarchy

• For sin22!13>.01 FNAL has already in hand very powerful tool to get
to the physics:  the NuMI beamline

NOvA  +  ...

Sensitivity

Mass Hierarchy CP Violation

Fermilab Proton Driver Report



Why is νµ→ νe so hard for sin2 2θ13 < 0.01
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√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)
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NOvA:

Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

T2K will operate at Vacuum Oscillation Maximum

P (µ→ e) = Patm − 2
√

PatmPsol sin δ + Psol

at sin2 2θ13 = 0.006 Patm = 4Psol

( Psol = 0.1%)

Therefore

P (δ = 0) = 5Psol

P (δ = −π
2) = 9Psol half exposure required.

P (δ = π
2) = Psol NO contribution from θ13 !!!!
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√
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√
Psol sin δ
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T2K will operate at Vacuum Oscillation Maximum

P (µ→ e) = Patm − 2
√

PatmPsol sin δ + Psol

at sin2 2θ13 = 0.006 Patm = 4Psol

( Psol = 0.1%)

Therefore

P (δ = 0) = 5Psol

P (δ = −π
2) = 9Psol half exposure required.

P (δ = π
2) = Psol NO contribution from θ13 !!!!

Also

P (δ = −π
2) = 5Psol when sin2 2θ13 = 0.003

P (δ = π
2) = 5Psol when sin2 2θ13 = 0.02
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Pµ→e ≈ Patm + 2

√
PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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where Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

and Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21

At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

Patm = Psol

sin2 2θ13 =
sin2 2θ12

tan2 θ23

[
π

2
δm2

21

δm2
31

]2

≈ 0.002 !!!

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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At the second oscillation maximum, ∆32 = 3π

2 , the peak in the
Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Besides event rates 
and backgrounds there are
Zero Mimicking Solutions:
(loose info from one channel)

∆ij =
δm2

ijL

4E



Search for !e appearance

excluded
by reactor

sin22!13>0.006 (90%)
sin22!13>0.018 (3")

x20

Sensitivity

Sensitivities in the first phase(5yrs)

#
(s
in
2
2
!
2
3
)

0.01

1×10-4

#(sin22!)
#($m2)

OA 2.5deg.

!µ disappearance

w/ beam MC, & full SK det. simulation

True $m23
2 (10-3eV2)

#
($
m
2
3
2
)

sin22!13

<1×10-4(eV2)

~0.01

Sensitivity to 

Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +7.9 ± 1.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC ≈ sin2 θ12

(23) Parameters: SK, K2K

|δm2
32| = 1.5− 3.5× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!
Sign of δm2

32 Unknown !!!

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!

sparkE – 17 Nov 2003 10

5 yrs 0.75MW 

with SK

T2K:

assumes δ = 0

Question: What exposure
is required to reach this
sensitivity if δ = ±

π

2
?
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Summary of Sensitivities

Beam Mass Power Matter

Name (kton) (MW) sens. Effect

OPERA 1.8 0.15 0.04 -

ICARUS 2.4 0.15 0.03 -

MINOS 5 0.4 0.05 -

CNGS 2.35 .15 CP

T2K 22.5 0.8 0.006 - -

NO A 50 0.4 0.004 - CP

T2HK 450 4 CP

Super-NO A 100 2 CP

BNL2NUSL 500 1 0.004 &

CP

CERN SPL 400 4 0.0016 CP

Beam 400 .04 T viol. CP

Factory 50 4 huge!

at ,at

all evaluated at different regions of parameter space!

Komatsu, Migliozzi, Terranova J.Phys.G29 443, 2003

Diwan, Messier, Viren, L.Wai, NUMI-L-714

Assume 5% systematic uncertainty!

modified, Rubbia, Sala, hep-ph/0207084

Comparison of Fluxes

per MegaWatt

at each experiment:

Note Factory flux

divided by 3

to fit on graph!
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Why is at a Factory Easy?

Neutrinos/MW proton power cf conventional beams

No Intrinsic in the beam, only ’s

Charge of Muon easier to measure than separation

Detector Technology straightforward (see MINOS)

Backgrounds at level, not few

P
µ

eff

S/N

D
!

!!

K
!

momentum cut  (GeV)

(c) µ+
q

 Z

" "

K,!

Momentum cut on muon

easily removes

backgrounds

Cervera et al, Nucl.Phys.B579 17,2000

• Higher E means larger cross section,
more events.

• Higher E allows larger L for same E/L,
bigger matter effects (amplifies Patm).

– Typeset by FoilTEX – 9



Conclusions

• For 0.04 < sin2 2θ13 < 0.1 (large)
Neutrino Factory NEEDED to measure δCP ,
the parameter controlling CP violation, with any precision.

• For 0.01 < sin2 2θ13 < 0.04 (medium)
Neutrino Factory probably NEEDED to determine Hierarchy
(plus CP violation).

• If sin2 2θ13 < 0.01 (small)
Neutrino Factory NEEDED for observation or best limits
(as well as hierarchy and CP violation)

• but don’t forget the UNEXPECTED!!!
(Neutrino Factory is a big step in event rates.)

– Typeset by FoilTEX – 10

only competition .....



Geordi La Forge:

in “The Enemy”

Star Trek: The Next Generation

The visor “sees”

Neutrinos!!!

... but this requires special
New Physics !!!
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3 ! Discovery Potential for "µ#"
e

January 19, 2005Steve Brice (FNAL), Debbie Harris (FNAL), Walter Winter (IAS) 20

Physics Reach with a Proton Driver

• For every scenario, the FNAL program can offer a unique
opportunity to measure mass hierarchy

• For sin22!13>.01 FNAL has already in hand very powerful tool to get
to the physics:  the NuMI beamline

NOvA  +  ...

Sensitivity

Mass Hierarchy CP Violation

10
−4

Fermilab Proton Driver Report


